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ABSTRACT 
This study documents faults that are commonly found in small commercial buildings based on a literature review and 
discussions with building commissioning experts. It also provides a list of prioritized faults based on an estimation of 
the prevalence, primary energy impact, and financial impact of each fault. A total of 39 faults were analyzed for this 
paper and classified by location, stage, and type. The annual primary energy impact (AEIprimary) and annual financial 
impact (AFI) of each fault were estimated based on available information. Based on these estimates, 20 top priority 
faults were identified. Eight out of the 20 top priority faults occur in vapor compression systems such as air-
conditioning, heat pump, and refrigeration equipment. Nonstandard refrigerant charging, condenser fouling, and 
evaporator fouling are the most important faults for this type of equipment. 
 
1. INTRODUCTION 
Small commercial buildings (floor area ≤ 10,000 ft2) are responsible for almost 20% of total commercial building 
energy consumption in the United States (CBECS 2017). There are significant energy and economic savings 
opportunities in the small commercial sector associated with automated fault detection and diagnostics (AFDD). 
Although there are reports that focus on the benefits of AFDD for the entire commercial building sector (Roth et al. 
2004, 2005), AFDD benefits for the small commercial sector are more difficult to achieve because of limited 
availability of cost-effective AFDD tools (Frank et al., 2018). However, the approaches that were used in these 
previous reports are useful for analyzing the impacts of faults for the small commercial sector. Roth et al. (2004, 2005) 
quantified the national energy impact of thirteen different faults in buildings and estimated that their collective impact 
varied between 4%–18% of the commercial buildings’ heating, ventilating, and air conditioning (HVAC); lighting; 
and refrigeration energy consumption. “Lights or HVAC left on when space unoccupied” and “duct leakage” were 
identified as major faults contributing significantly to the entire commercial building sector’s energy consumption. 
Using a similar approach, the study documented in the current paper surveyed faults that are commonly seen in small 
commercial buildings based on a literature review and discussions with building commissioning experts. This study 
documents the faults along with a prioritization that is based on an analysis of prevalence, primary energy impact and 
financial impact. 
This study focuses on small commercial buildings with a floor area of 10,000 ft2 or less. Based on Commercial 
Buildings Energy Consumption Survey (CBECS 2017) data, this building sector consumes 1.37 quadrillion Btu 
(quads) of site energy (approximately 3 quads of primary energy) each year in the U.S., which is close to 20% of total 
site energy use in the commercial building sector. The total floor space for small commercial buildings under 
consideration here is 16.9 billion ft2—approximately 19.5% of the total commercial building floor space. Space 
heating (0.31 quads) and refrigeration (0.22 quads) are the two largest end uses in this building sector. Although 
cooking consumes significant energy (0.19 quads), literature related to cooking equipment faults were not available 
and it is not included in the scope of this study. End-use energy for lighting (0.12 quads), space cooling (0.1 quads), 
and ventilation (0.09 quads) have similar magnitudes. The HVAC equipment together consumes 37% of total site  
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All 14,289 23.0 27.7 312.0 395.8 
Furnaces 2,507 21.3 25.7 53.4 64.4 
Packaged Heating Units 8,431 19.0 22.6 160.2 190.5 
Boilers 1,134 33.3 35.9 37.8 40.7 
District Heat 0 43.2 46.4 0.0 0.0 
Heat Pumps 1,906 12.1 14.7 23.1 28.0 
Individual Space Heaters 3,772 23.0 26.6 86.8 100.3 
Other 0 21.7 27.9 0.0 0.0 
Cooling 
All 13,428 7.2 21.5 95.0 288.7 
Residential Type Central Air Conditioners 5,318 6.3 18.9 33.5 100.5 
Packaged AC Units 5,236 8.9 26.3 46.6 137.7 
Central Chillers 0 13.8 39.4 0.0 0.0 
District Chilled Water 0 11.1 26.5 0.0 0.0 
Heat Pumps 2,176 9.2 27.2 20.0 59.2 
Individual Air Conditioners 1,999 7.9 22.1 15.8 44.2 
Other 0 12.1 35.9 0.0 0.0 
Other 
Ventilation - 6.3 18.9 93.0 279.0 
Lighting w/Occupancy Sensor - 0.8 2.3 11.7 35.2 
Lighting w/o Occupancy Sensor - 6.9 20.8 105.3 315.8 
Refrigeration 12,013 19.1 57.3 224.0 688.3 
 
energy for small commercial buildings; therefore, HVAC-related faults are a primary focus for this study. Lighting 
and refrigeration faults are also considered.   
 
2. FAULT PRIORITIZATION METHODOLOGY 
This section describes the methodology how common faults in the small commercial building sector were prioritized 
by estimating fault impacts on the energy and cost for each fault. The energy impact was estimated by considering 
increased primary energy use due to the faulted operation. The cost impact was estimated by considering additional 
utility cost and equipment’s life cycle cost increase due to the faulted operation. Table A1 in the Appendix includes 
detailed information that are used in the fault prioritization process and also includes the outcome (energy and cost 
impact estimations) of the fault prioritization process described below.  
 
2.1 National Annual Energy Consumption Estimation of Each Equipment 
National annual energy consumption estimates (both site energy and primary energy) for different types of equipment 
are needed to assess the national energy impact of a fault. This requires estimation of detailed equipment end uses 
because a fault will typically affect some types of equipment, but not all. For example, an air duct leakage fault causes 
higher heating energy use in equipment relying on air ducts for heat distribution such as packaged heating units. It 
does not, however, affect energy use for boilers or individual space heaters. Publicly available national end-use data 
at this granularity was not identified as part of this project. Westphalen and Koszalinski (2001) developed a rigorous 
bottom-up approach to estimate national primary equipment energy consumption. However, the results presented in 
the report were generated for the whole commercial building sector and are not directly usable in the current project 
because the types of equipment used in small commercial buildings are significantly different than those in medium- 
to large-sized commercial buildings. Furthermore, there was not enough resources to replicate the modeling approach 
developed by Westphalen and Koszalinski (2001). In this study, equipment site and primary energy uses were 
estimated with a simpler approach to provide a first-order estimate of the fault impacts. 
Table 1 shows the total floor areas served by different heating and cooling equipment in small commercial buildings 
in the United States. The presented results are based on CBECS data (CBECS 2017). Table 1 shows that packaged 
units provide space heating to 59% of the total heated floor space in small commercial buildings. Individual space 
heaters are the second most widely used heating equipment. For space cooling, packaged AC units and residential-
type central AC units each serve approximately 40% of the total cooled floor space for the small commercial sector. 
National average energy intensities for both site and primary energy were also extracted for all relevant equipment 
from the CBECS data as shown in Table 1. The annual average primary energy intensities were estimated by 
multiplying the portion of electricity end-use energy intensities by an average electricity-to-primary energy conversion 
factor of 3 adopted from the Energy Flow Diagrams 2015 in CBECS (2017). Conversion losses, losses from power 
plants and transmission/distribution losses account for 67% of the primary energy consumed for generating electricity 
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that is used in residential, commercial, industrial, transportation and direct use applications. Overall conversion losses 
from the primary energy for the natural gas were neglected in this study. Based on these assumptions, equipment-
specific annual energy consumption for both site and primary energy were estimated with: 
 
AECsite,𝑖 = FlrArea𝑖 · EIsite,𝑖 (1) 
AECprimary,𝑖 = FlrArea𝑖 · EIprimary,𝑖 (2) 
 
where FlrAreai is the floor area served by the ith equipment and EIsite,i and EIprimary,i are the site and primary energy 
intensities for the ith equipment, respectively. The estimated annual energy consumption for both site energy and 
primary energy by equipment (AECsite,i and AECprimary,i) are shown in Table 1. AECsite for ventilation and lighting 
systems were directly available from CBECS (while specific floor area information for ventilation and lighting were 
not available).   
 
2.2 National Annual Energy Impact of Each Fault 
From literature review results and conversations with building commissioning experts, fault national energy impacts 
were evaluated. The impact estimation method was based on Roth et al. (2005). For each fault, the annual energy 
impact (AEI) based on both site energy and primary energy are estimated using: 
 
AEIsite,fault = ( ∑ AECsite,𝑖
equip
𝑖
) · Prevfault · rdegrad,fault (3) 
AEIprimary,fault = ( ∑ AECprimary,𝑖
equip
𝑖
) · Prevfault · rdegrad,fault (4) 
 
where AEI is the fault annual energy impact, AEC is the national annual energy consumption of the equipment 
impacted by the fault shown in Table 1, Prevfault is the prevalence (or probability) that a fault occurs causing an 
appreciable efficiency degradation, and rdegrad,fault is the average degradation ratio (decreased efficiency or increased 
load) caused by the fault. Figure 1 shows an example of how AEIprimary is calculated for excessive infiltration around 
the building envelope. Although the excessive infiltration fault is not affected by the type of HVAC equipment, it 
causes increased heating and cooling demand, which will affect heating, cooling, and ventilating energy in buildings. 
Thus, the total AEC for excessive infiltration is calculated by adding AECprimary values of “All” heating (396 trillion 
Btu/yr), “All” cooling (289 trillion Btu/yr), and ventilation (279 trillion Btu/yr) categorized in Table 1. Other faults 
such as lighting-related faults primarily affect lighting equipment energy usage and these differences of the energy 




Figure 1: Example of annual energy impact estimation (excessive infiltration around the building envelope) 
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For example, the air duct leakages fault affects the energy consumption values (or AEC) classified under “Packaged 
heating units” in heating, “Packaged AC units” in cooling and “Ventilation” in the other category in Table 1. Based 
on the values of Prevfault and rdegrad,fault the AEIprimary for excessive infiltration is calculated as 90.57 trillion Btu/yr as 
shown in Figure 1. Representative values for Prevfault and rdegrad,fault were identified based on literature review results 
that are described in detail in Kim et al. 2017. Note that most of the available literature does not provide values for 
both Prevfault and rdegrad,fault. In addition, information to estimate the fault energy impact is lacking for some faults. In 
such cases, best estimates were made based on available information from similar faults for other types of equipment. 
 
2.3 National Annual Financial Impact of Each Fault 
A financial impact of each fault was calculated by considering both utility cost increase and equipment life cycle cost 
increase due to faulted operation. The annual financial impact (AFI) is calculated as shown in the equation below: 
 
AFIfault = AFIutility,fault + AFILCC,fault (5) 
   
where AFIfault is the fault’s annual financial impact, which is the sum of the increased utility cost (AFIutility,fault) and the 
increased equipment life cycle cost (AFILCC,fault). AFIutility,fault is estimated by converting excess energy usage of 
AEIsite,fault to a cost value according to 
 
 








αj is the fraction of different energy usages in category j where j is an index representing one of heating, cooling, 
ventilation, lighting or refrigeration corresponding to each fault’s equipment type. βkj is the different fuel fractions in 
category kj where k is an index representing either electricity, natural gas, or fuel oil for each energy usage type j. 
Other types of fuels were not considered because these three represent the majority of consumption in small 
commercial buildings based on CBECS data. For each fault, the sum of all αj and the sum of all βkj becomes one, 
independently. FCk is the unit cost of each fuel. αj and βkj values are not directly available in CBECS data. In order to 
approximate the average values of αj and βkj for the small commercial building sector, AECsite values in Table 1 and 
CBECS microdata were used. CBECS microdata includes 6,702 records of individual buildings and they represent the 
average trend of buildings around the nation. 2,614 data points which represent small commercial buildings (floor 
space less than 10,000 ft2) out of the 6,702 records were used to approximate βkj values. Figure 2 shows an example 
of AFIutility,fault estimation for the excessive infiltration fault. Because excessive infiltration affects heating, cooling, 
and ventilation energy in buildings, αj values for this fault were estimated by using AECsite values of heating (312), 
cooling (95), and ventilation (93) corresponding to Table 1 and the CBECS classification column in Table A1 in the 
Appendix. 
 
Figure 2: Example of AFIutility estimation (excessive infiltration around the building envelope) 
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βkj values were estimated from the CBECS microdata to calculate the amount of energy used by each fuel. Figure 3 
shows the summary of βkj values estimated from the CBECS microdata for the small commercial building sector. 
Among the entire 2,614 data points, necessary data points with relevant data were narrowed down for calculating 
portions of each fuel related to each equipment type. As shown in the figure, electricity is mostly used for cooling and 
other (ventilation, lighting and refrigeration) equipment. While natural gas takes significant portion for most of the 
heating equipment, more than 50% of portion is covered with electricity for heat pumps. More specifically, 10 out of 
278 individual building survey results showed that the building is equipped with a heat pump system and a 
“natural/bottled gas backup (dual fuel)” unit. This resulted in 33% of natural gas energy provided for the entire small 
commercial buildings with heat pumps. These different percentages between different fuels (βkj) shown in the figure 
are only used for calculating AFIutility,fault. 
 
 
Figure 3: Portion of different major fuels used in various types of equipment in small commercial buildings 
The costs of fuels were used to calculate the AFIutility,fault. Costs of electricity ($0.102/kWh), natural gas 
($11.07/thousand-cubic-feet), and fuel oil ($1.595/gal) were adopted from various reports (“Electricity Data,” 2017, 
“Fuel Gases Heating Values,” 2017, “Fuel Oil Combustion Values,” 2017, “Heating Oil and Propane Update,” 2017, 
“U.S. Natural Gas Prices” 2017) representing nationwide average prices. 
Certain faults degrade HVAC cooling/heating capacities and require longer run times to meet building loads. 
Prolonged run time could lead to reduced unit life span and incur additional equipment and maintenance costs. 
Previous studies have shown that the equipment cost is similar or even higher than the electricity cost per unit of run 
time (Li and Braun 2007). Thus, the incremental equipment cost (or the annual financial impact due to the equipment’s 
life cycle cost increase, AFILCC,fault) should be accounted for in the overall economic analysis. This study uses a 
modified approach from Li and Braun (2007) as shown below. 
AFILCC,fault = AFCfault − AFCbase = AFCbase ∙ (
AFCfault
AFCbase
− 1) (7) 
 
This equation calculates increased financial cost due to fault in a system by subtracting baseline annual financial cost 
(AFC) without fault from the total AFC of the faulted system. To calculate Eq. (7), ith equipment’s annual financial 
cost (AFCi) is first defined as follows. 
AFC𝑖 = C𝑖 ∙ truntime,𝑖 ∙ Caprated,𝑖  (8) 
 
 
 3152, Page 6 
 
5th High Performance Buildings Conference at Purdue, July 9-12, 2018 
where Ci ($/kWh) is ith equipment’s average hourly cost per unit of cooling capacity determined by dividing the total 
equipment cost per kW of capacity (including costs associated with unit purchase and installation) by the unit life 
span. truntime,i is the ith equipment’s annual run time. Caprated,i is the total rated capacity for the ith equipment. Equipment 






where Loadsen,annual is the annual building sensible load (kWh), SHRi and Capi are the average sensible heat ratio and 
capacity for the ith equipment during the operation. Loadsen,annual can be estimated as 
Loadsen,annual = AECsite,𝑖 ∙ COP𝑖 ∙ SHR𝑖  (10) 
where COPi is the typical COP and SHRi is the typical SHR for a specific type of equipment. Applying Eq. (9) and 
(10) into Eq. (8) gives AFCi as shown below. 
AFC𝑖 = C𝑖 ∙ AECsite,𝑖 ∙ COP𝑖 (11) 
 
AFCbase in Eq. (7) can be derived by using Eq. (11) and including different types of equipment associated to each fault. 









∑ (C𝑖 ∙ truntime,𝑖 ∙ Caprated,𝑖)fault
equip
𝑖

































Eq. (13) is simplified to its last form by canceling the cost (Ci) and rated capacity (Caprated,i) terms in denominator and 
numerator by assuming they are the same for both faulted operation and baseline operation without fault. Eq. (13) is 
simplified again to adopt parameters that are found from the literature by defining the relative impacts (r) of a fault on 




















With these definitions, the AFILCC,fault due to a fault can be expressed as 
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AFILCC,fault = AFCbase ∙ {
1 + rload
(1 − rcap)(1 − rSHR)
− 1}









Table 2 shows average material1 and installation costs for each equipment type collected from RSMeans data from 
Gordian (RSMeans 2017). Although the equipment’s life cycle cost estimation requires material, installation, and 
maintenance costs, maintenance costs for each equipment type were not available and were not included in the 
financial impact estimation. This will cause a slight underestimation of the AFILCC,fault where the maintenance (and 
service) cost accounts for 10% while the initial project cost accounts for 58% from the total building life cycle cost 
(“Life-cycle Cost Analysis (LCCA)”, 2016). To derive Cequip from the cost information available from RSMeans data, 
annual operating hours of all HVAC equipment in commercial buildings were assumed to be 1,200 hours per year (Li 
and Braun 2007) and annual operating hours of the lighting system were assumed to be 4,088 hours per year (DOE 
2010). Equipment COP values were assumed to be 3.4 for AC systems, 3.58 for heat pump cooling, 2.17 for heat 
pump heating and heating equipment efficiency was assumed to be 80% based on minimum efficiencies defined from 
the International Code Council (ICC, 2015). Heat pump equipment costs for heating and cooling was assumed to be 
the same. Although the equation for AFILCC,fault estimation was originally intended for faults related to HVAC cooling 
equipment, this equation was also used for faults that are not specific to HVAC cooling equipment in this paper. For 
example, an inappropriate lighting schedule fault that increases the annual lighting operating hours can increase the 
light bulb replacement cost (or the equipment life cycle cost) during the building life span. For faults that are not 
related to the HVAC cooling equipment, rcap and rSHR were assumed to be zero and rload was assumed to be the 
percentage of increased energy use due to increased operating hours under faulted condition. Refrigeration system 
equipment costs were only available in terms of equipment size in cubic feet instead of rated capacity, thus faults 
related to the refrigeration system were not considered for life cycle cost impact estimation. Cequip for “All” type 
equipment for heating were calculated by using a weighted average of other heating equipment costs in terms of their 
energy impact (AEC). This was also applied for “All” type equipment for cooling. Based on these assumptions, 
estimates of Cequip for each equipment type are given in the last column in Table 2. 
 
Table 2: Material and installation costs for each type of equipment 












Cooling All 95.0 used with weighted average 0.0266 
Cooling Packaged AC units 46.6 260 $/kW 3.40 10 1200 0.0217 
Cooling Residential type central AC units 33.5 299 $/kW 3.40 10 1200 0.0249 
Cooling Heat pumps 20.0 351 $/kW 3.58 10 1200 0.0293 
Cooling Individual AC units 15.8 501 $/kW 3.40 10 1200 0.0417 
Heating All 312.0 used with weighted average 1.890E-03 
Heating Furnaces 53.4 0.057 $/kW 0.8 10 1200 4.738E-06 
Heating Packaged Heating Units 160.2 0.434 $/kW 0.8 10 1200 3.615E-05 
Heating Boilers 37.8 0.148 $/kW 0.8 10 1200 1.229E-05 
Heating Heat Pumps 23.1 351 $/kW 2.17 10 1200 0.0293 
Heating Individual Space Heaters 86.8 0.074 $/kW 0.8 10 1200 6.190E-06 
Others Ventilation 93.0 120 $/kW 0.9 10 1200 0.01 
Others Refrigeration 224.0 n/a 
Others Lighting 117.0 0.0056 $/kW 1 1.3 4088 1.043E-06 
 
2.4 Fault Prioritization 
Table A1 in the Appendix includes detailed information for all considered faults in this study including the final 
estimations of AEI and AFI for each fault. “Location” in the first column categorizes faults based on where the fault 
occurs in the building system (e.g., envelope, general HVAC, rooftop unit [RTU], split system, lighting, refrigeration 
etc.). Chiller faults are not included in this paper because the portion of small commercial buildings that use central 
chillers is almost negligible. “Fault stage” in the second column categorizes faults based on the stage when the fault 
                                                          
1 Defined as “The material or materials required to complete the installation as described.” in RSMeans (2017) 
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occurs. A design stage fault is one that occurs before the equipment is installed such as undersizing of equipment or 
inadequate sealing of the building for infiltration. An operation stage fault occurs after the equipment is installed. 
“Fault type” in the third column categorizes faults based on the type of device in which the fault occurs (building, 
equipment, control, or sensor). The three columns under “CBECS Classification” are references for equipment type 
classification in the CBECS (2017) according to different energy usages such as heating, cooling, ventilation, lighting, 
refrigeration, etc. These references were used to estimate the annual energy consumption (AEC) of equipment related 
to each fault. In this table, faults are ranked based on higher AEIprimary values and the remaining faults without AEIprimary 
values are attached at the bottom of the table. Detailed information for each fault, such as AEC, prevalence (Prev), 
degradation ratio (rdegrad,fault), capacity loss (rcap), load increase (rload), SHR degradation (rSHR), and the calculated annual 
energy and financial impacts (AEI and AFI), can also be found. A total of 39 faults were identified from the literature; 
however, national AEI and AFI estimation was only possible for 33 of the faults. The remaining faults have insufficient 
information to determine prevalence or energy impact, or both. Multiple prevalence and energy impact values can be 
found in the literature for certain faults and average values were used in such cases.  
 
3. TOP PRIORITY FAULT RESULTS 
The top priority faults were determined in this work based on estimated prevalence, AEI, and AFI. These prioritized 
faults can be considered in the next level study such as developing accurate models of these faults to achieve relatively 
bigger impacts in energy/cost savings in small commercial buildings sector. Two different types of lists are included 
in this section. First are the lists of faults (Figure 4-5) depending on the equipment type. In these lists, the same types 
of faults are differentiated for different types of equipment. For example, these lists show different AEI, AFI and 
prevalence values of nonstandard charging fault for RTU, split system and refrigeration system, respectively. The 
second list (Table 3) shows overall values of AEI, AFI and prevalence values independent of the equipment type. This 
list can be considered as the final list of prioritized faults since it focuses on the type of the fault regardless of the 
equipment type. This is based on the assumption that modeling a certain fault can be similarly applied to different 
types of equipment.  
Figures 4 and 5 show the 20 top priority faults depending on the equipment type and their AEI, AFI, and prevalence 
values rank ordered in terms of AEIprimary and AFI, respectively. Excessive infiltration around the building envelope 
has the highest impact in both figures, as this fault has high prevalence, AEIprimary, and AFI. Air duct leakage has the 
second largest energy impact and this was also identified as one of the major faults in the entire commercial building 
sector (Roth et al. 2004, 2005). This fault is very common in RTUs, causing higher energy uses in heating and cooling 
equipment and blowers. Three other building operation faults—incorrect HVAC on/off modes, inappropriate set 
points/thermostat schedules, and zone temperature sensor bias—are also among the 20 top faults in terms of energy 
impact. Inappropriate lighting schedules/controls are also a top priority fault with a high energy and financial impact. 
Although the utility cost increase (AFIutility,fault = $ 3.93E+08/yr) due to inappropriate lighting schedules/controls is 
relatively high compared to other faults, the life cycle equipment cost increase (AFILCC,fault = $ 8,040/yr) is almost 
negligible because the cost of purchasing and installing lights is small.  
 
 
Figure 4: Estimated 20 top priority faults rank ordered based on energy impact (AEIprimary) 
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Figure 5: Estimated 20 top priority faults rank ordered based on financial impact (AFI) 
 
Ten out of the 20 top priority faults in Figure 4 occur in vapor compression systems such as AC, heat pump, and 
refrigeration equipment. Nonstandard refrigerant charging and condenser and evaporator fouling are the most 
prominent faults in this type of equipment, which is most likely the reason AFDD for vapor compression systems has 
been studied extensively. As shown in Figure 5, the financial impacts of faults for cooling equipment are more 
influenced by energy impacts than by equipment life degradation. Utility cost increase (AFIutility,fault) due to the faulted 
operation is mostly high for faults with a high AEIprimary since the site-to-primary energy conversion factor of 3 is 
reflected with the relatively expensive electricity cost in AFIutility,fault. Equipment life cycle cost increase (AFILCC,fault) 
becomes higher when the percentage of load increases, capacity degradation and SHR degradation due to the fault 
become severe as shown in the result of insufficient evaporator airflow (AFILCC,fault = $ 5.85E+08/yr) of the RTU unit. 
The fault of improper time delay setting in occupancy sensors has a relatively high prevalence (Prev = 80%) but less 
energy and financial impact compared to other faults with lower prevalence, because the amount of energy affected 
by this fault (AEC = 11.7 trillion Btu/yr) is small. 
Table 3 summarizes the 20 top priority faults independent of equipment type and rank ordered with higher AEIprimary. 
Values of AEIprimary and AFI of faults such as nonstandard refrigerant charging and condenser fouling, which were 
classified separately in Figures 4 and 5 depending on the type of equipment (RTU, split system, and refrigeration 
system) are now added together to approximate the overall impact of each specific type of fault. The total impact of 
the 20 top priority faults is 398 trillion Btu/yr in primary energy and $7.7 billion every year in cost. Nine out of the 
top 20 faults in the list occur in the vapor compression system and the sum of the impact becomes 94 trillion Btu/yr 
in primary energy and $3 billion per year in cost. The total impact of control faults is 115 trillion Btu/yr in primary 
energy and $2 billion per year.  
 
4. CONCLUSIONS 
An extensive literature review was performed to identify common faults in small commercial buildings. Various 
aspects of the identified faults were considered to analyze the fault priority, including site and primary energy use 
impacts, fault prevalence, and financial impacts. The acquired information was used within a simple quantification 
method to estimate the fault’s national energy and financial impacts. Based on those impacts, the identified faults were 
prioritized and a reduced list consisting of the top priority faults was developed.  
Relatively comprehensive information is available in the literature for faults in AC and space heating equipment, so 
their national energy and financial impact estimations should be reasonably accurate. However, there are several weak 
points that cannot be improved due to the lack of a high-quality data source. These shortcomings need to be updated 
in future analyses if pertinent information becomes available.  
• In the refrigeration fault analysis, this study used the same prevalence and energy impact values as the 
respective faults in RTUs or split systems. It is believed to be the best estimate in the absence of solid data 
from the literature. However, the actual fault prevalence could be significantly different between a 
refrigeration unit and an AC system, or even between a freezer and refrigerator. For example, the possibility  
 
 3152, Page 10 
 
5th High Performance Buildings Conference at Purdue, July 9-12, 2018 
Table 3: Prioritized List of 20 Top Priority Faults 
Fault  AEIprimary, trillion Btu AFI, million $ 
Excessive infiltration around the building envelope 90.57 1184 
Air duct leakages 82.89 1092 
Incorrect HVAC on/off modes 43.36 1033 
Nonstandard refrigerant charging 41.56 611 
Inappropriate lighting schedules 39.48 393 
Inappropriate setpoints/schedule for thermostats 23.20 553 
Condenser fouling 16.12 299 
Insufficient evaporator air flow 15.31 1079 
Improper time delay setting in occupancy sensors 8.72 87 
Inappropriate electric line voltage 7.44 394 
Oversized equipment at design 5.83 96 
Compressor flow fault 5.65 285 
Fan motor degradation 3.76 150 
Biased Zone temperature sensor 3.66 66 
Refrigerant liquid-line restriction 3.40 154 
Presence of noncondensable in refrigerant 2.90 29 
Economizer opening stuck at certain position 2.78 59 
Condenser fan degradation 1.29 107 
Biased economizer sensor 0.29 67 
Occupancy sensor malfunction 0.14 1 
 
or prevalence of condenser fouling may be much lower for many refrigeration units when the condenser is 
placed in a clean, controlled environment while an AC system always has its condenser outdoors, leading to 
a higher chance of air-side condenser fouling.  
• This paper covers a number of faults in vapor compression system-based equipment; however, only a few 
faults associated with heating equipment are included. These might include problems related to blower, 
leakage and controller in furnaces, boilers and individual heaters. 
• Although material, installation, and maintenance costs are the main factors for estimating the equipment’s 
life cycle cost increase due to each fault, only material and installation costs were included here and 
maintenance cost was not included in the financial impact estimation. 
• Parameters such as prevalence, efficiency degradation, capacity degradation, SHR degradation, load 
increase, equipment life span, and equipment operating hours were estimated with available literature and 
best estimates were made for faults in the absence of available literature for these parameters. 
NOMENCLATURE 
α energy usage fraction (-) 
β major fuel fraction (-) 
AEC annual energy consumption (trillion Btu)  
AEI annual energy impact (trillion Btu) 
AFC annual financial cost ($) 
AFI annual financial impact (million $) 
C equipment cost ($/kWh) 
Cap capacity (kW) 
COP coefficient of performance (-) 
EffDegrad effeciency degradation (-) 
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EI energy intensity (Btu/ft2) 
FC fuel cost ($/Btu) 
FlrArea floor area (ft2) 
Freq frequency (prevalence) (-) 
Load load (kWh) 
r ratio (-) 
SHR sensible heat ratio (-) 
t annual run time (hours)  
 




equip equipment  
fault fault 
utility utility 




runtime run time 
sen sensible 
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APPENDIX 
Table A1: Prioritization of Faults in Small Commercial Buildings Based on National Energy Impact 
Location Stage Type Faults 












rcap rload rSHR AFIutility AFILCC AFI 
Heating Cooling Others 
Envelope Operation Building 
Excessive infiltration 
around the building 
envelope 
All All Ventilation 500 964 94.0% 10.0% 47.00 90.57 0.0% 10.0% 0.0% $ 8.77E+08 $ 3.06E+08 $ 1.18E+09 
RTU Operation Equipment Air duct leakages Packaged heating units Packaged ACs Ventilation 300 607 65.0% 21.0% 40.92 82.89 0.0% 19.5% 0.0% $ 8.36E+08 $ 2.56E+08 $ 1.09E+09 
HVAC Operation Control 
Incorrect HVAC on/off 
modes 






  Lighting w/o occ sensor 105 316 35.4% 35.4% 13.16 39.48 0.0% 25.0% 0.0% $ 3.93E+08 $ 8.04E+03 $ 3.93E+08 




All All Ventilation 500 964 22.5% 10.7% 12.04 23.20 0.0% 10.7% 0.0% $ 2.25E+08 $ 3.28E+08 $ 5.53E+08 
Refrigeration Operation Equipment 
Nonstandard 
refrigerant charging 
  Refrigeration 224 688 42.0% 7.5% 7.06 21.68 10.0% 0.0% -5.0% $ 2.11E+08 $ 0.00E+00 $ 2.11E+08 




Packaged ACs, Individual 
ACs, Residential type 
central ACs 
 96 282 18.0% 27.3% 4.71 13.88 10.0% 0.0% 10.0% $ 1.41E+08 $ 5.85E+08 $ 7.26E+08 




Heat pumps, Residential 
type central ACs 
 77 188 72.0% 8.1% 4.48 10.98 5.0% 0.0% -1.0% $ 1.26E+08 $ 7.92E+07 $ 2.05E+08 




Packaged ACs, Individual 
ACs, Residential type 
central ACs 




Improper time delay 
setting in occupancy 
sensors 
  Lighting w/ occ sensor 12 35 80.0% 31.0% 2.91 8.72 0.0% 31.0% 0.0% $ 8.69E+07 $ 1.11E+03 $ 8.69E+07 
Split system Operation Equipment Condenser fouling  
Heat pumps, Residential 
type central ACs 
 54 160 44.0% 11.0% 2.59 7.73 8.0% 0.0% -5.0% $ 7.74E+07 $ 5.09E+07 $ 1.28E+08 
Refrigeration Operation Equipment Condenser fouling   Refrigeration 224 688 4.8% 18.0% 1.94 5.95 8.0% 0.0% -5.0% $ 5.79E+07 $ 0.00E+00 $ 5.79E+07 
RTU Design Equipment 
Oversized equipment at 
design 
Packaged heating units 
Packaged ACs, 
Residential type central 
ACs 
 240 429 68.0% 2.0% 3.27 5.83 0.0% 2.0% 0.0% $ 5.91E+07 $ 3.68E+07 $ 9.59E+07 
RTU Operation Equipment 
Inappropriate electric 
line voltage 
Packaged heating units 
Packaged ACs, 
Residential type central 
ACs 
 240 429 14.2% 8.5% 2.90 5.18 0.0% 8.5% 0.0% $ 5.25E+07 $ 1.56E+08 $ 2.09E+08 
Ventilation Operation Equipment Fan motor degradation   Ventilation 93 279 3.6% 37.0% 1.25 3.76 0.0% 37.0% 0.0% $ 3.74E+07 $ 1.12E+08 $ 1.50E+08 
HVAC Operation Sensor 
Biased Zone 
temperature sensor 
All All Ventilation 500 964 38.0% 1.0% 1.90 3.66 0.0% 1.0% 0.0% $ 3.55E+07 $ 3.06E+07 $ 6.61E+07 
Refrigeration Operation Equipment Compressor flow fault   Refrigeration 224 688 5.0% 10.0% 1.12 3.44 10.0% 0.0% -5.0% $ 3.35E+07 $ 0.00E+00 $ 3.35E+07 
RTU Operation Equipment 
Economizer opening 
stuck at certain 
position 
Packaged heating units Packaged ACs  207 328 28.3% 3.0% 1.75 2.78 0.0% 3.0% 0.0% $ 2.84E+07 $ 3.02E+07 $ 5.86E+07 
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RTU Operation Equipment Condenser fouling  
Packaged ACs, Individual 
ACs, Residential type 
central ACs 
 96 282 4.8% 18.0% 0.83 2.44 8.0% 0.0% -5.0% $ 2.47E+07 $ 8.78E+07 $ 1.13E+08 
Refrigeration Operation Equipment 
Refrigerant liquid-line 
restriction 
  Refrigeration 224 688 2.0% 17.0% 0.76 2.34 -2.0% 0.0% 2.0% $ 2.28E+07 $ 0.00E+00 $ 2.28E+07 




Heat pumps, Residential 
type central ACs 
 77 188 14.2% 8.5% 0.92 2.27 0.0% 8.5% 0.0% $ 2.59E+07 $ 1.59E+08 $ 1.85E+08 




  Refrigeration 224 688 3.0% 9.0% 0.60 1.86 -0.5% 0.0% -1.0% $ 1.81E+07 $ 0.00E+00 $ 1.81E+07 




Heat pumps, Residential 
type central ACs 
 54 160 18.0% 5.0% 0.48 1.44 10.0% 0.0% 10.0% $ 1.44E+07 $ 3.39E+08 $ 3.54E+08 
RTU Operation Equipment Compressor flow fault  
Packaged ACs, Individual 
ACs, Residential type 
central ACs 
 96 282 5.0% 10.0% 0.48 1.41 10.0% 0.0% -5.0% $ 1.43E+07 $ 1.45E+08 $ 1.59E+08 




Packaged ACs, Individual 
ACs, Residential type 
central ACs 
 96 282 2.0% 17.0% 0.33 0.96 2.0% 0.0% 1.0% $ 9.74E+06 $ 7.66E+07 $ 8.63E+07 
Refrigeration Operation Equipment 
Condenser fan 
degradation 
  Refrigeration 224 688 3.5% 3.8% 0.30 0.92 0.0% 0.3% 0.0% $ 8.91E+06 $ 0.00E+00 $ 8.91E+06 
Split system Operation Equipment Compressor flow fault  
Heat pumps, Residential 
type central ACs 
 54 160 5.0% 10.0% 0.27 0.80 10.0% 0.0% -5.0% $ 8.00E+06 $ 8.41E+07 $ 9.21E+07 





Packaged ACs, Individual 
ACs, Residential type 
central ACs 
 96 282 3.0% 9.0% 0.26 0.76 -0.5% 0.0% -1.0% $ 7.73E+06 $ 0.00E+00 $ 7.73E+06 




Packaged ACs, Individual 
ACs, Residential type 
central ACs 
 96 282 3.5% 3.8% 0.13 0.38 0.0% 3.8% 0.0% $ 3.81E+06 $ 9.48E+07 $ 9.86E+07 
RTU Operation Sensor 
Biased economizer 
sensor 
Packaged heating units Packaged ACs  207 328 0.6% 15.8% 0.18 0.29 0.0% 6.4% 0.0% $ 2.95E+06 $ 6.40E+07 $ 6.70E+07 





Heat pumps, Residential 
type central ACs 






  Lighting w/ occ sensor 12 35 13.0% 3.0% 0.05 0.14 0.0% 3.0% 0.0% $ 1.37E+06 $ 1.07E+02 $ 1.37E+06 




Heat pumps, Residential 
type central ACs 
 54 160 2.0% 3.0% 0.03 0.10 2.0% 0.0% 1.0% $ 9.60E+05 $ 4.44E+07 $ 4.54E+07 
HVAC Operation Sensor 
Temperature control 
input error 
All All Ventilation 500 964     0.0% 3.0% 0.0% $ 0.00E+00 $ 9.19E+07 $ 0.00E+00 
RTU Operation Sensor 
Biased supply air 
temperature sensor 
Packaged heating units 
Packaged ACs, 
Residential type central 
ACs 
 240 429     0.0% 1.0% 0.0% $ 0.00E+00 $ 1.79E+07 $ 0.00E+00 
Refrigeration Operation Equipment 
Evaporator fouling or 
frost accumulation 
  Refrigeration 224 688           
Refrigeration Operation Control 
Excessive cooling in 
refrigerated cases 
  Refrigeration 224 688           
Refrigeration Operation Control 
Ice buildup on case 
door 
  Refrigeration 224 688           
HVAC Design Sensor Misplaced thermostats All All Ventilation 500 964           
 
